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Abstract

Global dependency modeling and spatial position modeling are two core issues of
the foundational architecture design in current deep learning frameworks. Recently,
Vision Transformers (ViTs) have achieved remarkable success in computer vision,
leveraging the powerful global dependency modeling capability of the self-attention
mechanism. Furthermore, Mamba2 has demonstrated its significant potential in
natural language processing tasks by explicitly modeling the spatial adjacency prior
through the structured mask. In this paper, we propose Polyline Path Masked
Attention (PPMA) that integrates the self-attention mechanism of ViTs with an
enhanced structured mask of Mamba2, harnessing the complementary strengths
of both architectures. Specifically, we first ameliorate the traditional structured
mask of Mamba2 by introducing a 2D polyline path scanning strategy and derive
its corresponding structured mask, polyline path mask, which better preserves the
adjacency relationships among image tokens. Notably, we conduct a thorough theo-
retical analysis on the structural characteristics of the proposed polyline path mask
and design an efficient algorithm for the computation of the polyline path mask.
Next, we embed the polyline path mask into the self-attention mechanism of ViTs,
enabling explicit modeling of spatial adjacency prior. Extensive experiments on
standard benchmarks, including image classification, object detection, and segmen-
tation, demonstrate that our model outperforms previous state-of-the-art approaches
based on both state-space models and Transformers. For example, our proposed
PPMA-T/S/B models achieve 48.7%/51.1%/52.3 % mloU on the ADE20K seman-
tic segmentation task, surpassing RMT-T/S/B by 0.7%/1.3%/0.3%, respectively.
Code is available at https://github.com/zhongchenzhao/PPMA,

1 Introduction

The research of foundational models has long been a cornerstone of deep learning. In computer vision,
Convolutional Neural Networks (CNNs) [20, [19] and Vision Transformers (ViTs) [46, |9, [31] 22]
currently represent the dominant architectures. Notably, ViTs have become the most mainstream
architecture in large models through the powerful self-attention mechanism, which can capture
the non-local self-similarity within global receptive fields. However, the quadratic complexity of
the Transformer, when implementing self-attention, severely limits its application in large image
processing models. Moreover, as shown in Fig. 1| (b), classic positional encoding methods [46} 31} 38]
in ViTs lack the explicit modeling capability of spatial distance between image tokens, and largely
ignore the important spatial adjacency priors in texture, shape, semantics, and so on. This increases
the learning pressure and limits its capability for fine-grained image feature extraction.

Compared to CNNs and Transformers, the recently proposed Mamba [[11]] achieves linear complexity
while maintaining global receptive fields, demonstrating strong potential as the next-generation archi-
tecture. Specifically, Mamba follows the State Space Models (SSMs) paradigm and employs the se-
lective scan mechanism with the state transition matrix to recursively propagate dependencies among
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enabling Mamba?2 to match or surpass Transformers across various natural language processing
(NLP) tasks. Following its success in NLP, Mamba [[11]] has been rapidly adapted to various visual
domains, including: high-level tasks (classification, object detection, segmentation [58, 130} 49, i47]]),
low-level tasks (super-resolution, denoising, deraining [13|[12,|59]]), image generation [43], video
analysis [26], point cloud analysis [27}51]], and remote sensing images [|54]].

Although Mamba [11] has demonstrated impressive results on certain vision tasks, empirical results on
high-level vision tasks demonstrate that even state-of-the-art (SOTA) Mamba-based backbones [30,
49, 147, 115] still underperform SOTA Transformer-based backbones [57, [10] with a substantial
performance gap. As shown in Fig.[T|(a), this gap mainly stems from two issues: (I) 1D Scanning
Issue. Mamba’s 1D scanning strategy arranges the tokens of a 2D image into a 1D sequence, which
inevitably disrupts the inherent spatial adjacency within 2D images and limits the effectiveness of its
recursive selective scanning mechanism. (II) Weak Global Dependency Modeling Issue. The linear
attention in Mamba2 omits the non-linear softmax layer, leading to a decrease in the precision and
stability of global dependency modeling of images.

In this paper, we present Polyline Path Masked Attention (PPMA), a brand-new method that
effectively combines the advantages of ViTs and Mamba2. Specifically, as illustrated in Fig. [T} (c),
to address the 1D Scanning Issue when applying current Mamba to 2D images, we propose a novel
2D polyline path scanning strategy and derive an efficient calculation method for its corresponding
structured mask, the polyline path mask. Then, we embed the polyline path mask as an explicit
positional encoding into the ViT framework. This not only avoids the Weak Global Dependency
Modeling Issue of Mamba2, but also alleviates the positional encoding issue of ViTs. As a result,
our method fully leverages the powerful global context modeling capability of the self-attention
mechanism in ViTs together with the explicit spatial adjacency modeling capability of the polyline
path mask inspired by Mamba2, achieving SOTA performance on mainstream high-level vision tasks.

To the best of our knowledge, this is the first work to integrate Mamba2’s structured mask mechanism
into ViTs. The main contributions of this study are summarized as follows:

* We propose a 2D polyline path scanning strategy for visual Mamba, which better preserves
the inherent 2D spatial structure of images compared to existing scanning strategies. Building
on this, we further derive a novel structured mask, termed polyline path mask, which is more
suitable for 2D images than the traditional structured mask used in Mamba?2.

* We conduct a comprehensive theoretical analysis for the proposed 2D polyline path mask.
Specifically, we theoretically prove that it can be decomposed into two 1D structured
masks with clear physical meanings (i.e., horizontal and vertical scanning masks). More
importantly, by leveraging this decomposability, we derive an efficient algorithm to reduce

its computational complexity from O(N?2) in the naive calculation to O(N2).

* The polyline path mask can be seamlessly integrated into various attention variants in a plug-
and-play manner without introducing a substantial increase in computational complexity. In
this paper, we incorporate it into the vanilla self-attention and criss-cross attention, deriving
the Polyline Path Masked Attention (PPMA).



» Leveraging PPMA, we construct a hybrid Mamba2-Transformer model. Experimental
results demonstrate that our model achieves SOTA performance on standard benchmarks for
image classification, object detection, and segmentation.

2 Related Work

Vision Transformers. ViTs have become foundational in large-scale vision models such as SAM [24]]
and Sora [1]], primarily due to their self-attention mechanism that effectively captures the long-range
dependency. Moreover, the spatial structural information provided by positional encodings (e.g.,
APE [46], RPE [31]], and RoPE [38])) is also crucial to ViTs. However, traditional positional encodings
fail to explicitly encode spatial adjacency. Recent works, such as RMT [10]] and VVT [39], porpose to
incorporate RetNet’s input-independent temporal decay mask [40] into ViTs for more explicit spatial
modeling based on the Manhattan distance. In comparison, Mamba?2’s input-dependent selective
structured mask not only explicitly encodes the relative positional information in the spatial space but
also captures the semantic continuity in the feature space.

Mamba. As a state space model, Mamba introduces an input-dependent selection mechanism into
the state transition matrix A, achieving Transformer-level performance with linear complexity on
NLP tasks. Building on this foundation, Mamba2 [6] further simplifies the matrix A to a scalar a,
enabling more hardware-efficient parallelizable training without sacrificing performance. Moreover,
Mamba2 [6] demonstrates that its formulation is mathematically equivalent to a 1-semiseparable
structured masked attention, and develops the State Space Duality (SSD) framework to connect
structured SSMs and attention variants. Furthermore, Mamba2 points out that other potential
structured masked attentions can also be integrated into the SSD framework.

In this paper, we introduce a novel structured masked attention, termed polyline path masked
attention, tailored for vision tasks. Different from the previous 2D selective SSM framework [53]]
based on Mamba [11]], our Mamba2-based polyline path mask is more lightweight and can be plugged
seamlessly into various attention variants. Moreover, compared to MambaVision [17] which naively
concatenates Mamba’s blocks and ViT self-attention layers, our method more effectively harnesses
complementary strengths of both architectures.

3 Preliminaries

Mamba2’s Recurrent Form. Mamba?2 [6] initially adopts a recurrent form with linear complexity
for sequence modeling. Specifically, Mamba2 employs the selective state space models to map the
input sequence x € RVX¢ to the output sequence y € RV*¢ ie., fori=1:N,

h; =ah;_1 + Bi—rﬂ?i, y; = C;h;, ()

where x;,y; € R™C, h; eRP*C denotes the hidden state, a; € R and B;, C; € R™P are input-
dependent parameters learned by multilayer perceptron (MLP) layers, the scalar a; serves as a decay
factor bounded in [0, 1], N, C and D denote the sequence length, channel number, and hidden state
dimension, respectively.

Mamba2’s Attention Form. Leveraging the SSD framework in Mamba?2 [6], the recurrent form of
Mamba?2 in Eq. ([I]) can be reformulated as its equivalent dual form, i.e., structured masked attention,
by eliminating the hidden state h; via substitution:
a; X -+ X Aj41 ’L>j
y=(CB" 0 L'P) =, LiP =a;;=41 i=7, )
0 1<

where ©® denotes the Hadamard (element-wise) product, B, C' € RNXD and the 1D structured mask
L'P ¢ RVXN s a |-semiseparable matrix which can be efficiently calculated with a complexity of
O(N?) by the chunkwise algorithm [6]. Mamba2’s attention form (Eq. (2))) enables more efficient
parallelizable training than its recurrent form (Eq. (I)). Notably, parameters C and B in Eq.
are learned analogously to the query Q and key K in ViTs, respectively. Thus, Eq. () reveals that
the selective state transition function in Mamba2 is equivalent to the Hadamard product of a linear
attention map C BT and a 1D structured mask L'P. Here, the structured mask can be interpreted as
a form of relative positional encoding [6]].
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Figure 2: Compared to existing scanning strategies (a) and (b), which flatten 2D tokens into a 1D
sequence, our polyline path scanning (c) better preserves the adjacency of 2D tokens.

In this work, we extend the structured masked attention in Mamba2 from 1D sequences to 2D images.
Specifically, we extend the 1D structured mask L'? to the 2D polyline path mask L?? by introducing
a novel 2D scanning strategy, and propose an efficient algorithm for computing and applying this
polyline path mask L2?. The proposed L2 can be substituted into Eq. (2)) for replacing L'? or
adopted in ViTs as the explicit positional encoding.

4 Method

In this section, we introduce the idea of adapting the structured mask of Mamba2 to 2D scanning and
integrating it into the self-attention mechanism of ViTs, achieving an explicit positional encoding.
Specifically, we 1) introduce the definition of 2D polyline path mask in Sec. .1} 2) analyze the
theoretical properties of the proposed polyline path mask and introduce an efficient algorithm for the
proposed polyline path mask in Sec.[d.2} 3) apply the polyline path mask to standard self-attention
and criss-cross attention of ViTs in Sec.[4.3]

4.1 Definition of Polyline Path Mask

As a sequence autoregressive framework, visual Mamba starts from employing a scanning strategy to
flatten a 2D image into a 1D sequence of image tokens. This scanning strategy plays an important
role in Mamba’s performance, since the order of tokens is determined by it. As illustrated in Fig. 2]
previous works [38} 130} 27]] have proposed various scanning strategies for visual Mamba. However,
these strategies fail to fully preserve the inherent spatial adjacency of 2D tokens. For example, as
shown in Fig.[2|(a) and (b), for two tokens B and C' which are close in an image, previous scanning
strategies [30,27]] may cause them to be significantly farther apart in the 1D scanning path.

Polyline Path Scanning. To address this limitation, we design a @ Ga N\ @ N\ @ @
2D polyline path scanning strategy. Specifically, for each token pair ¢ ¥ =4 +
(2,5, 2,) in the 2D grid, we define their scanning path as the L- & & & &
shaped polyline connecting them, as shown in Fig. ] (c). To ensure N Gr AN T N @
symmetry in mutual distances, we set two bidirectional polyline @/' &7 & \XZD
paths: vertical-then-horizontal path (V2H solid lines in Fig.[2|(c)) 3 & 3 &

and horizontal-then-vertical path (H2V dotted lines in Fig. 2] (c)),
and use their combination as the final scanning path. In this way,
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the adjacency relationship of 2D tokens can be strictly maintained - & 3 3
under the Manhattan distanceﬂ Intuitively speaking, tokens close (or . B . N
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far) to each other will be in close (or far) distance on the scanning () @ @ ()

path, and vice versa. As the example shown in Fig. [2] polyline Figure 3: An intuitive example
scanning strategy better preserves the distance between token B and illustrating the polyline path
C compared to the other two strategies. An more intuitive example -k ona 4x 4 orid.

is shown in Fig.[§]

Definition of Polyline Path Mask. Based on the proposed polyline path scanning strategy, we
introduce the polyline path mask. As an example shown in Fig. [3| we define the horizontal and
vertical decay factors of each input token x; ; as c; ; and 3; ;, respectively. In this paper, we employ
two MLP layers to learn «; ; and f3; ;, respectivelyl’| Then, the decay weight of V2H polyline path

’The Manhattan distance between two points @; ; and & ; in a 2D plane is |i — k| + |5 — I|.
*We apply the ReLU and exponential operator after the MLP layers to ensure w5, Bi,; € 10,1].



from x,; to x; ; is defined as L; ; 1, , which is the product of all decay factors along that path, i.e.,

1 . k )
Hn=j+1 i J<l Hn:¢+1 ﬁnyl 1<k

L ki = Qi jiPik,, where a; ju= 1 ji=1, Biki= 1 i=k. 3
HZL=1+1 Qi J>1 H;:kqtl Bng 1>k

For example, as illustrated in Fig. [3| the V2H polyline path’s decay weight from token x4 4 to @1 1
is £1,1,44=01,200 301,432 433,484,4. Similarly, the decay weight along the H2V polyline path is
defined as L; j 11 = ok ;.1 Bi:k,1. Due to the spatial symmetry, it is evident that £; ; 1. ;=L 1;,;. By
combining the V2H and H2V polyline paths, the final decay weight is

£P=c+L. 4)

Note that £, £ and £ are all 4D tensors of size RFFWXIW where H and W are the height and
width of the feature map, respectively. The polyline path mask, a 2D matrix L2P ¢ REWXHW 'can
be obtained by unfolding the decay weight tensor, i.e., for all ¢, j, k, and [,

2D _ p2D

[L ](ifl)xW+j’(kfl)><W+l - ‘Ci,j,k,l' ®)
For simplicity, we denote the above tensor-to-matrix unfolding operation as L2P = unfold(ﬁQD ),
and its inverse operation as £2” =fold(L>?") in the following sections. More details can be found in

Appendix[A.2]
4.2 Efficient Computation Theory of Polyline Path Mask

According to the definition (3)), the direct approach to compute the polyline path mask L?P is to
calculate each element individually. However, the large size of the mask and numerous multiplications
for each element lead to a high computational cost in both calculating and applying L?P . To address
this issue, we present a decomposition theorem for matrices structured as L?P . Based on this, we
further design an efficient algorithm for performing multiplication on L*. For simplicity, we focus
our theoretical study on L, which is similar to the case of L?P. Complete proofs of the theorems are
provided in Appendix [A.3]and[A.5]

Theorem 1 (Matrix Decomposition). For any matrix M € REWXHW qng M = fold (M), if
Jor Vi, j, k.1, 3A* e RWYW and B' e R, 5.1, M, j 10 = [AY] ., x [B'],,, then M can be
decomposed as: ’

gl
M = M*" x M? = M[* o NP, (©6)
where M4, MB, M4, MB e REWVHW \which satisfy

Al k=i B! j=1I
M =unfold(M?), MB=unfold(M?), s.t., M2 = B = J
unfold(M*™), unfold(M”), s.t., M ;. . 0 ki’ 0 GAD @)
]\2[‘4:unfold(./\;lA)7 MB:unfold(./\;lB)7 s.t., J\;lz‘:’k’:: g ./\;li-’:yl:Bl. (8)

As defined in Eq. (3), the polyline path mask L satisfies the conditions in Theorem with [A"]; ;=
o ;. and [Bl]iykzﬁi: &,1- Thus, based on Theorem the polyline path mask L can be decomposed
as L=L” x LV =L¥ © LV. Moreover, for the complexity of computing L, we have:

Corollary 1 (Mask Complexity). The complexity of directly computing polyline path mask L with
Eq.(@) and () is O(N 2), which can be reduced to O(N?) by applying Theorem where N = HxW.

For matrices in the form of Eq. (7), when performing multiplication operations, we have:

Theorem 2 (Efficient Matrix Multiplication). For matrices M*, M® defined in Eq. (7), Yz € RHW,
the following equation holds:

y=M*"xMPxx < Z,=B'xX., Y,.=A'%Z,,, 9)

where y € RIW | X = unvec(z) € RV, Y = unvec(y) € RV, Z c RW  and the operator
vec(+) vectorizes a matrix by stacking its columns and unvec(+) is its inverse operator.
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Figure 4: Illustration of the efficient algorithm for utilizing the proposed polyline path mask. Left:
Naive computation of matrix multiplication. Right: An intuitive illustration of Algorithmm

Based on Theorem 2] we can design Al-
gorithm|T|for computing the matrix mul-
tiplication between polyline path mask Input: decay factors «, 8 of L, vector & ¢ R,

L and the vector x. Note that the in- 1: Compute X =unvec(z) € R,

volved matrices A’ and B! are sym- 2: Compute B' e R where for [ =1: W, [B']; x=Bik.1
metric matrices with lower triangular ~ 3: Compute Z ¢ R where Z.; = B' x X ;;

parts being 1-semiseparable, as defined ~ 4: Compute A' € R">*W where fori=1: H, [A"]; 1= j.1;
in Mamba2 [6]. This will lead to a 5: Compute Y e R™W where ;. = A'x Z; .;
substantial reduction in complexity as Output: y=vec(Y);

stated in the following corollary.

Algorithm 1: Efficient Masked Attention Computation.

Corollary 2 (Masked Attention Complexity). The computational complexity of the matrix multiplica-
tion between polyline path mask and vector x, i.e., y=La, can be reduced from O(N?) 1o O(N?)
by Algorithm and further reduced to O(N) by applying the chunkwise algorithm of Mamba? [6)]
to steps 3 and 5 in Algorithm ]

Remarks. Intuitively, as illustrated in Fig. ] Algorithm [T]shows that the 2D polyline path scanning
on 2D tokens (i.e., Lx) can be decomposed as the 1D vertical scanning along each column of X (i.e.,
Z., = B! x X 1) followed by the 1D horizontal scanning along each row of Z (i.e., Y; . = Al xZ; .).
This equivalence offers an intuitive understanding of the physical meaning of the decomposed polyline
path mask L = L LV and enables its natural extension to 3D or higher-dimensional tokens, as
detailed in Appendix[C.2]

4.3 Polyline Path Masked Attention

The proposed polyline path mask can be seamlessly integrated into various attention variants in a
plug-and-play manner. In this section, we integrate it into two softmax-based self-attention layers:
vanilla attention [9]] and criss-cross attention [22]. Notably, theorems and algorithm given in Sec. @
guarantee that integration of polyline path mask does not substantially increase the computational
complexity of the original attention mechanism. More applications, such as the polyline path masked
linear attention with a complexity of O(N), are provided in Appendix

Polyline Path Masked Vanilla Attention. The polyline path mask L2? is integrated into vanilla
attention via a Hadamard product with the attention map, i.e., for query @, key K, and value V:

PPMVA (z) = (softmax(QK ") ® L*P) V, (10)

where Q, K,V € RW>C Based on Corollary |1} Eq. (T0) maintains the complexity of O(N?).

Polyline Path Masked Criss-Cross Attention. The original criss-cross attention [22]] employs the
sparse attention over tokens located in the same row or column, achieving a complexity of O(N 2 ).
In this work, we follow RMT [10] to decompose criss-cross attention into the vertical attention over
each column followed by the horizontal attention over each row. The polyline path mask L?? is
applied to the decomposed criss-cross attention through the Hadamard product, that is:

PPMCCA (2) = ((SH xSV )0 L*P)V = ((§7 x SV) o L)V + (87 xSV)o L)V, (1)

where horizontal and vertical attention maps SH, SV € REWXHW gatisfy the form in Eq. (7) with
Al = softmax(Q¢7:7:ICiT:, )and B! = softmax(Q:,L:ICIl ), and @, K € RFXW*C are tensor forms

H 5t
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(a) Polyline Path Masked Criss-Cross Attention (b) Polyline Path Masked Vanilla Attention
Figure 5: Overall architecture of the Polyline Path Masked Attention based Vision Transformer.

of Q, K, respectively [22]. Based on Theorem [I] we can reformulate the left part of Eq. (TT)) as:
(S"xSV)oL)V=((S7xSV)o(LH xLV))V=(($7 08" ) o (LF oLV ))V

N . (12)

=((8"oL™)o(8VolY))V=(SToL™)x (SY oLV )xV.
Note that matrices S © LH and SV @ LV also satisfy the form in Eq. (7). Thus, the computational
complexity of Eq. (I2)) can be reduced to O(N %) by Algorithm Similar conclusions can also be

derived for the right part of Eq. (TT). Thus, the complexity of Eq.(TT) maintains O(N2).

4.4 Overall Architecture

Based on the proposed Polyline Path Masked Attention, we construct a hybrid Mamba2-Transformer
backbone for vision tasks. As illustrated in Fig.[5] our backbone adopts the four-stage hierarchical
architecture. Following RMT [[10], we employ Polyline Path Masked Criss-Cross Attention in the
first three stages, and Polyline Path Masked Vanilla Attention in the final stage. Moreover, we develop
our model in three scales: tiny (PPMA-T), small (PPMA-S), and base (PPMA-B).

S Experiments

To validate the effectiveness of our method, we conduct a series of experiments on mainstream
benchmarks for image classification (Sec.[5.I), object detection and instance segmentation (S
and semantic segmentation (Sec. [5.3). Comparison methods include advanced CNN-based [34,
142], SSM-based [30l 53, 49| [47]], and Transformer-based backbones [8l [TO]. For a fair
comparison, we reproduce the experimental results of RMT [10] with the same experimental settings
as ours. We also perform comprehensive ablation studies on the structured mask design in Sec. [5.4]
More detailed experimental settings and results can be found in Appendix [B]

5.1 Image Classification on ImageNet-1K

Settings. We evaluate the classification performance of our method on ImageNet-1K [[7]]. Following
the same training strategy as in [[10,44]], we train our models from scratch for 300 epochs with the
input size of 224 x224. We use the adaptive AdamW optimizer with a cosine decay learning rate
scheduler (batch size=1024, initial learning rate=0.001, weight decay=0.05).

Results. The comparison results presented in Table[I]show that our method achieves state-of-the-art
(SOTA) performance compared to other advanced models based on various architectures across tiny,
small, and base scales. Specifically, PPMA-S achieves 84.2% top-1 accuracy, surpassing 2DMamba-
T [53] by 1.4%, MLLA-T [15] by 0.7 %, MambaVision-T2 by 1.5%, and RMT-S [10] by 0.2%
with similar FLOPs. PPMA-T achieves 82.6 % top-1 accuracy, outperforming the most competitive
RMT-T [10] by 0.2% without extra training tricks. Moreover, our PPMA-B also surpasses other
SOTA CNN-based, SSM-based, and Transformer-based backbones.



Table 1: Image classification performance on the ImageNet-1K validation set.

#Param. FLOPs | Top-1 #Param. FLOPs | Top-1
Model Arch. M) (G) (%) Model Arch. M) G) (%)
RegNetY-1.6G [34] % 11 1.6 78.0 NAT-T [16] . 28 4.3 83.2
EffNet-B3 [42] O 12 1.8 81.6 BiFormer-S [57] g 26 4.5 83.8
Vim-T [58] s 7 1.5 76.1 RMT-S [10] = 27 4.5 84.0
MSVMamba-M [36] A 12 1.5 79.8 PPMA-S 27 4.9 84.2
BiFormer-T [57J . 13 2.2 81.4 RegNetY-8G [34) . 39 30 317

NAT-M [16] 4 20 2.7 81.8 :
- = ConvNeXt-S [32] Z 50 8.7 83.1

SMT-T [29] s 12 2.4 82.2 @)

: i EffNet-BS5 [42] 30 9.9 83.6

RMT-T [10] 14 2.5 82.4 ]
PPMA-T 14 27 82.6 VMamba-S [30J7 50 8.7 83.6
2DMamba-S [53] s 50 8.8 83.8
RegNetY-4G [34] Z, 21 4.0 80.0 GrootVL-S [49] 0 51 8.5 84.2
ConvNeXt-T [32] Z 29 4.5 82.1 MLLA-S [15] @ 43 7.3 84.4
EffNet-B4 [42] © 19 4.2 82.9 Spatial-Mamba-S [47] 43 7.1 84.6
VMamba-T [30] 30 4.9 82.6 Swin-S [31] 50 8.7 83.0
2DMamba-T [53] s 31 4.9 82.8 NAT-S [16] 51 7.8 83.7
GrootVL-T [49] g 30 4.8 83.4 CSWin-B [8] 4 78 150 | 84.2
Spatial-Mamba-T [47] 27 4.5 83.5 MambaVision-B [[17] § 98 150 | 84.2
MLLA-T [15] 25 4.2 83.5 BiFormer-B [57] &= 57 9.8 84.3
Swin-T [31] 4 29 4.5 82.1 iFormer-B [37] 48 9.4 84.6
CSWin-T [8] § 23 4.3 82.7 RMT-B [10] 54 9.7 84.9
MambaVision-T2 [17]| 35 5.1 82.7 PPMA-B 54 10.6 | 85.0

Table 2: Object detection and instance segmentation performance with Mask R-CNN [18]] detector
on COCO val2017. FLOPs are calculated with input resolution of 1280 x 800.

Mask R-CNN 1x schedule

Backbone | #Param. (M) FLOPs (G) | AP® AP}, APY; | AP™ APL, AP
Vim-T [58] - - 457 639 496 | 392 609 41.7
MSVMamba-M [36] 32 201 438 658 477 | 399 629 429
MPViT-XS [25] 30 231 437 66,7 484 | 404 0634 434
RMT-T [10] 33 218 46.7 686 516 | 42.1 653 452
PPMA-T 33 218 471 687 517 | 424 659 457
ResNet-50 [19] 44 260 382 588 414 | 347 557 372
ConvNeXt-T [32] 48 262 442 666 483 | 40.1 633 428
MLLA-T [13] a7 755 768 695 515 | 421 664 450
GrootVL-T [49] 49 265 470 694 515 | 427 664  46.0
VMamba-T [30] 50 271 473 693 520 | 427 664 459
Spatial-Mamba-T [47] 46 216 476 696 523 | 429 665 462
Swin-T [31] 43 267 437 666 477 | 398 633 427
CSWin-T [8] 42 279 4677 686 513 | 422 656 454
BiFormer-S [57] - - 478 69.8 523 | 432 668 465
RMT-S [10] 46 262 488 708 534 | 436 674 473
PPMA-S 46 263 492 707 540 | 438 674 47.1
ResNet-101 [19] 63 336 404 61.1 442 | 364 577 388
ConvNeXt-S [32] 70 348 454 679 500 | 41.8 652 451
GrootVL-S [49] 70 341 486 703 535 | 436 675 471
VMamba-S [30] 70 349 487 700 534 | 437 613 470
Spatial-Mamba-S [47] 63 315 492 708 542 | 440 679 475
MLLA-S [13] 63 319 492 715 539 | 442 685 472
Swin-S [31]) 69 359 457 679 504 | 4.1 649 442
CSWin-S [8] 54 342 479 701 526 | 432 67.1 462
BiFormer-B [57] - - 48.6 705 538 | 437 676 471
RMT-B [10] 73 373 507 720 557 | 451 692  49.0
PPMA-B 73 374 511 725 559 | 455 69.7 49.1
Mask R-CNN 3 x schedule
ConvNeXt-S [32] 70 348 479 700 527 | 429 669 462
GrootVL-S [49] 70 34T 501 712 549 | 446 68.7 478
VMamba-$ [30] 70 349 499 709 547 | 442 682 477
MLLA-S [13] 63 319 505 71.8 552 | 449 69.1 482
Spatial-Mamba-S [47] 63 315 506 715 554 | 447 68.6 482
NAT-S [16] 70 330 484 698 532 | 432 669 464
Swin-S [31] 69 359 485 702 535 | 433 673 46.6
CSWin-S [8] 54 342 50.0 713 547 | 445 684 477
RMT-B [10] 73 373 522 729 570 | 46.1 704 499
PPMA-B 73 374 526 733 575 | 463 703  50.2




Table 3: Semantic segmentation performance with UPerNet [48] segmentor on ADE20K val set. ‘SS’
and ‘MS’ represent single-scale and multi-scale testing, respectively.

#Param. FLOPs | mIoU(%) #Param. FLOPs | mIoU(%)
Backbone M) ) SS MS Backbone M) ) SS MS
LocalVim-T [21] 36 181 |434 444 BiFormer-S [57] - - |49.8 50.8
MSVMamba-M [36] 42 875 |45.1 454 RMT-S [10] 56 937 |49.8 49.7
NAT-M [16] 50 900 [45.1 464 PPMA-S 56 984 |51.1 52.0
R%{&&[ITOJ jg g;z jg'g jg‘f ResNet-101 [19] 85 1030 [42.9 44.0
: : ConvNeXt-S [32] 82 1027 |48.7 49.6
ResNet-50 [19] 67 953 |42.1 42.8 VMamba-S [30] 32 1028 [50.6 51.2
ConvNeXt-T [32] 60 939 146.0 46.7  Spatial-Mamba-S [47] 73 992 |50.6 51.4
VMamba-T [30] 62 949 [48.0 48.8 GrootVL-S [49] 82 1019 |50.7 51.7
2DMamba-T [53] 62 950 |48.6 49.3 Swin-S [31] 81 1039 [47.6 49.5
GrootVL-T [49] 60 941 |48.5 494 NAT-S [16] 82 1010 |48.0 49.5
Spatial-Mamba-S [47] 57 936 |48.6 49.4 MambaVision-S [17] 84 1135 |482 -
Swin-T [31] 60 945 |44.4 45.8 CSWin-S [8] 65 1027 |50.4 51.5
MambaVision-T [17] 55 945 [46.6 - BiFormer-B [57] - - 51.0 51.7
NAT-T [16] 58 934 47.1 484 RMT-B [10] 83 1051 |52.0 52.1
CSWin-S [8] 60 959 |49.3 50.7 PPMA-B 33 1137 |52.3 53.0

5.2 Object Detection and Instance Segmentation on COCO

Settings. We evaluate our method for object detection and instance segmentation tasks on
MSCOCO02017 [28] using the MMDetection library [2]]. Following previous work [35]], we ini-
tialize the backbone with ImageNet-1K pretrained weights and adopt Mask R-CNN [[18]] as the basic
framework. The models are trained for 12 epochs (1 x schedule) and 36 epochs with multi-scale inputs
(3 schedule) using AdamW optimizer (batch size=16, learning rate=0.0001, weight decay=0.05).

Results. The results presented in Table [2| show that our model outperforms existing methods on most
evaluation metrics. Under the same experimental settings, PPMA-T achieves a box mAP of 47.1%
and a mask mAP of 42.4%, surpassing the SOTA Transformer-based backbone RMT-T [10] by 0.4 %
and 0.3% in the 1x schedule, respectively. Moreover, PPMA-B achieves a box mAP of 51.1% and a
mask mAP of 45.5%, surpassing the SOTA SSM-based backbone MLLA-S [15] by 1.9% and 1.3%
in the 1x schedule, respectively. Furthermore, PPMA-B maintains its superior performance under
the 3x multi-scale training schedule.

5.3 Semantic Segmentation on ADE20K

Settings. We evaluate the semantic segmentation performance of our method on ADE20K [56]] using
the MMSegmentation library [4]]. Following the settings in previous works [35]], we initialize the
backbone with ImageNet-1K pretrained weights and adopt UPerNet [48]] as the basic framework. The
input size of images is set to 512 x 512 and all models are trained for 160K iterations with AdamW
optimizer (batch size=16, learning rate=6 x 10~°, weight decay=0.05).

Results. The semantic segmentation results are summarized in Table[3] Our method consistently
outperforms previous methods under all settings. Compared to SOTA Transformer-based counterparts,
PPMA-T/S/B surpass RMT-T/S/B by 0.7%/1.3%/0.3% mloU in the Single-Scale (SS) setting and
0.3%/2.3%1/0.9% mloU in the Multi-Scale (MS) setting. Compared to SOTA SSM-based methods,
PPMA-T/S/B surpass them by at least 3.6%/2.5%/1.6% in SS mloU, respectively.

5.4 Ablation Study

Polyline Path Mask Design. To verify the effectiveness of the proposed polyline path mask, we
conduct an ablation study on ImageNet-1K and ADE20K using PPMA-T as the backbone. Under the
same experimental settings, we compare various structured masks embedded into the softmax-based
self-attention layers by Hadamard product, including: no mask (baseline), RMT decay mask [[10],
cross scan mask [30], Hilbert scan mask [27], V2H polyline path mask, and our final 2D polyline
path mask. As shown in Fig. @ our polyline path mask L2, compared to the RMT decay mask,
can selectively capture the semantic continuity in the image. Compared to the cross scan mask and
Hilbert scan mask, the polyline path mask better preserves the spatial relationships between 2D
tokens, alleviating the long-range forgetting issue. Experimental results in Table 4] show that the 2D



Table 4: Ablation study of structured mask designs in PPMA-T on ImageNet-1K and ADE20K.

Structured Mask \#Param. (M) FLOPs (G) Throughput (imgs/s)\Top-l (%) mloU SS (%)
Baseline (w/o mask) 14.33 2.65 1779 82.28 47.78
+ RMT Decay Mask 14.33 2.65 1650 82.35 48.01
+ Cross Scan Mask 14.34 2.71 1100 82.44 48.14
+ Hilbert Scan Mask 14.34 2.71 1091 82.44 48.14
+ V2H Polyline Path Mask 14.34 2.71 1203 82.44 48.57
+ 2D Polyline Path Mask 14.34 2.71 1034 82.60 48.73
Shared Decay factors (cv,; = Bs,;) 14.33 2.71 1124 82.37 48.27
Different Decay factors (o, ; # i, ;) 14.34 2.71 1034 82.60 48.73

-
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(a) Input Image (b) W/o Mask (c) RMT Decay Mask (d) Cross Scan Mask  (e) Hilbert Scan Mask (f) Polyline Path Mask
Figure 6: Illustration of various structured masks.

(b) Horizontal (c) Vertical (d) Original (e) Polyline Path (f) Polyline Path
Decay Factor a Decay Factor 8 Attention Map Mask L?P Masked Attention Map
Figure 7: Visualizations of the decay factors and the polyline path masked attention maps of the
well-trained PPMA model. In each input image, the query token is marked by a red box.

(a) Input Image

polyline path mask L2 boosts the baseline by 0.32% top-1 accuracy on ImageNet-1K and 0.95%
SS mloU on ADE20K, respectively. Visualization results in Fig. [7]further demonstrate that our 2D
polyline path mask L2P effectively suppresses the falsely highlighted areas in the original attention
maps. More visualizations and detailed discussions are provided in Fig.[I2]and Sec.[C.1]

Horizontal and Vertical Decay Factors. In our model, we employ different decay factors («v; j # 5; ;)
to capture semantic similarity between adjacent tokens along horizontal and vertical directions,
respectively. As illustrated in Fig.[7](b) and (c), the learned decay factors « and 3 effectively capture
semantic continuity in horizontal and vertical directions, respectively. Table @] shows that replacing
different decay factors with a shared decay factor (c; j = 3; ;) results in a significant performance
drop, highlighting the importance of modeling horizontal and vertical decay factors separately.

6 Conclusion

In this paper, we argue that the key component of Mamba2 model is its structured mask, which
explicitly encodes the spatial distance information through the recursive propagation mechanism and
captures the semantic continuity in sequences through the selective mechanism. Building on this
insight, we propose to extend the structured mask from 1D text sequences to 2D images. To this end,
we propose a novel 2D polyline path scanning strategy with its corresponding structured mask tailed
for images. To achieve SOTA performance on high-level vision tasks, we integrate the polyline path
mask into the powerful self-attention mechanism of ViTs.

Limitations. Although the proposed efficient algorithm optimizes the integration complexity, it
inevitably incurs additional GPU memory occupation and lower throughput, as shown in Table 4] We
plan to alleviate this limitation through further engineering optimizations, such as CUDA-based or
Triton-based implementations, in the future work.
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Al

Efficient Computation Theory for Polyline Path Mask Applications

Notations

Following Mamba?2 [6], we employ a large number of notations both for clarity and as a central tool
in stating and proving our theorems, including:

Dimensions. We generally use N, H, W, C, D as the superscript letters of R to denote the
sequence length, the height of the feature map, the width of the feature map, channel number,
and hidden state dimension, respectively. The sequence length of the 2D feature map (i.e., the
number of tokens)is N = H x W.

Matrices and Tensors. Following convention, we use non-bolded lowercase letters, bolded
lowercase letters, bolded uppercase letters, and bolded calligraphy letters to denote scalars,
vectors, matrices, and 3D or higher dimensional tensors, respectively.

Indexing. We use indexing ¢ : j to refer to the range ¢ + 1,7 + 2,...,7 when ¢ < j and
1,4 —1,...,7 + 1 when i > j. For example, for any scalar a, we let a;.; for ¢ < j denote
the sequence (@41, a;12,...,a;). For shorthand, we let aix:j for i < j denote the product

@ir1 X Qipa X -+ X aj We leta, = a;; for j > i.

Tensor Unfolding. We use the operator vec(-) to vectorize a matrix by stacking its columns
and the operator unvec;}- as its inverse operation. We use the operator unfold(-) to unfolds a
4D tensor £ € REPWXEXW 4 3 2D matrix L € REW*HEW  where [L] (= 1)xW -, (k=1 )W 41 =

L; j 1.1, and the operator fold(-) as its inverse operation.

Tensor Multiplication. For 2D matrices, we use the symbol x to denote the matrix multiplica-
tion and the symbol © to denote the Hadamard (element-wise) multiplication. For multiplication
operations involving 3D or higher dimensional tensors, we use the Einstein summation notation
einsum(-) to denote the tensor multiplication on the given dimension, which is commonly
used in modern tensor libraries such as PyTorch. For example, einsum('nc,mc — nn’, Q, K)
denotes the matrix multiplication Q x K .
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Figure 8: An illustration of the V2H polyline path scanning on a 3 x 3 grid (with a total of 9 tokens).
There are 81 scanning paths. Each scanning path (red polyline) corresponds to a decay weight in the
polyline path mask L.

A.2 Definition of Polyline Path Mask

For each token pair (x; j, @), in the 2D grid, the decay weight of the vertical-then-horizontal (V2H)
polyline path from «; ; to x); is defined as L; ; 1. ;, which is the product of all decay factors along
that path, i.e.,

! . k )
[Thejirim 3 < [leiii Boa i<k

Lij k1 = & jaBix,, where o ju= 1 j=1, Biri= 1 i=k, (13)
HZL=1+1 Qi,n .7 >1 H:L:kJrl ﬁn,l 1>k

where «; ;; and f3;.; are horizontal and vertical decay factors bounded in the range [0, 1]. For

convenience, we unfold the 4D tensor £ € RF>W>HXW into a 2D matrix as the polyline path mask
LeRHWXHW je

L=unfold(L). (14)
o111 P11 2Pl o o ew B, w o111 P01 2P 0 anuw BrEwW
a1,2101:1,1 @1,2:201:1,2 00 a1 2w fi,w ai,2:101:51 Q1,2:2201:H,2 0 oW PLEW
ar,waBi e we2fia,e - an,wew Bl w a1, wafia1 ar,webim2 - o, wiw BiiEw
I . . :
ag1aPuay ap2afaa1 o apwafH1 ag1aPa:a1 o 2BH:H?2 0 OH1WBHHW
ap2fm,2 Q220812 - aHWw2BH:1,2 ap21fr:H1 QH220H:H2 - CH2WOBHHW
Llam, 1w BaA,w 2w BHA,W - 0H,W.wBH:1,W Qw1 PH:H1 CHW:2BH:H,2 -+ QH,W:W BH:H,W ]

15)

An intuitive example illustrating the polyline path scanning on a 3 x 3 grid is presented in Fig.[8] For
the 9 tokens in the 2D grid, there are 81 V2H scanning paths connecting them. The V2H scanning
path between each token pair is marked by the red polyline, which corresponds to a decay weight in

X

*In some contexts, it is always clear that the notation a;.; means a¢ ; » and the superscript is omitted.
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Lemma 1 Conclusion 1

The complexity of L1PX can be reduced The complexity of Mamba2 is 0(N) Preliminary
to 0(N) by chunkwise Algorithm Mamba2(X) = (CBT © L'P)x

Conclusion 2

) - . Definition
The complexity of Polyline Path Mask L is 0(N?%)
Property
. Application
Theorem 1 Conclusion 3.1 PP
. . (Complexity)
Matrix D it The complexity of Polyline Path Masked
a r':(l ecgmgc;sl '0,[15 Standard self-Attention is O(N?)
M=M' xM’=M"OM PPMVA(X) = (softmax(QK™) © L2?)V
Conclusion 3.2
The complexity of Polyline Path Masked
Linear Attention isO(N)
Theorem 2 PPMLA(X) = (QK™ @ L2P)V
Efficient Matrix Multiplication °
y=Mxx & Z,=B'X; Y, =AZ Conclusion 3.3 g
The complexity of Polyline Path Masked ©
3
Criss-Cross Attention is O(Nz) g
PPMCCA(X) = ((s" x 8¥) O L?P)v a

Conclusion 3.4
Theorem 3 The complexity of Polyline Path Masked
- Decomposable Attention remains sub-quadratic
Y=(QK")eoL) V& Y=Qe LKV
(e or) Qe LEev) PPMDA(X) = ((51% 52) @ L2?)V

Figure 9: An overall illustration of the efficient computation theory and corresponding applications.

the polyline path mask L. The V2H polyline path mask L € R%?, constructed based on the scanning
paths in Fig.[8] is defined as:

o118, on:2B1,2 asPis o Bien 2Pz ansfies anifisy r2fi8,2 1,1:351:3,3
O41,2:151:1,1 O11,2:261:1,2 al,2:3ﬁl:l,3 O41,2:1ﬂ1:2,1 a1,2:251:2,2 al,2:3,61:2,3 011,2:151:3,1 a1,2:2ﬁ1:3,2 O11,2:3[31:3,3
a1,3181:1,1 01328112 1,3:381:1,3 @1,31f12,1 @132f2,2 @1,3:301:2,3 @1,3:1P813,1 a1,3:2813,2 1,3:381:3,3
az2,1:182:1,1 az,1:282:1,2 a2,1:382:1,3 Q21:1f2:2,1 @2,1:202:2,2 @2,1:302:2,3 2,1:182:3,1 a2,1:282:3,2 a2,1:382:3,3
L=|a221021,1 22208212 022302:1,3 22108221 Q22208222 02230223 2218231 02220232 02230233
Q2,3:102:1,1 2 02,3:302:1,3 23:102:21 Q2,3:202:22 02,3:302:23 @23.182:31 023:202:32 2330233
043.,1;163:1,1 Oé3,1:2ﬂ3;1,2 063,1;353:1,3 @3,1:153;2,1 03,1;253:2,2 043,1:353 3 Ot3,1:153:3,1 043,1;253;3,2 063,1:3ﬂ3;373
043,2;163:1,1 Oé3,2:2ﬂ3;1,2 a3,2:303:1,3 3,2:193:2,1 03,2:2,33:2,2 043,2:353;2,3 a3,2:193:3,1 (03,2:203:3,2 Ot3,2:3ﬂ3;373
a3.3:103:1,1 «&3,3:2P3:1,2 (3,3:303:1,3 (3,3:103:2,1 03,3;2[33:2,2 3,3:303:2,3 (13,3:1[53:3,1 Q3,3:203:3,2 043,3:3[33;3,3

16)

A.3 Theorems and Proofs

In this section, we present three theorems and their proofs, which will be used to optimize the
computational complexity in the following applications[A.7] Specifically, we present a decomposition
theorem [T| for matrices structured as the polyline path mask L. Based on Theorem[I] we present an
efficient matrix multiplication theorem 2| for performing multiplication on the polyline path mask L.
Then, we present an equivalent computation theorem [3for the masked linear attention. An overview
illustration is provided in Fig.[9} which summarizes the theorems and their corresponding applications
in polyline path masked attention.

Note that the polyline path mask L defined in Eq. (T3) is a matrix with special structures. Here, we
present a decomposition theorem for matrices structured as L.

Theorem 1 (Matrix Decomposition). For any matrix M € REWHW ang M = fold (M), if
for Vi, j,k,l, 3A* ¢ RWW gnd B' e RT*H | 5.1, Mk = [AZ} X [Bl]i w then M can be
decomposed as:

gl
M = M*x MP = N* o NP, (17)
where M4, MB, M4, MB e REWVXHW \which satisfy

P 1o
MA:unfold(MA),MBzunfold(MB),s.t.7Mft}k’::{A k=i MPE —{B i=t

0 k=i " HHT00 AU
(18)
~ 4 ~ AL ap ~ B ~ A i B .
M* =unfold(M ), M”=unfold(M "), st, M, , =A"" M, =B (19)
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Proof. Let us first prove M4 x MP = M in Eq. (T7). For clarity, leti = [u/W ]| +1,j =
umod W, k= |v/W|+1,l=vmod W, m = |w/W|+1,n=wmod W. Foru=1: HW
andv =1: HW, we have

H W
A B
Z Mu,wa,v = Z Z M ©,7,m, an n,k,l
H
A
:Z M,gmlelkl+ Z M,Jmannkl
m=1 n=1,n#l
B 20
= m,le,l,k,l ( )
m=1
B
= M 7,8, z l k,l + Z M, 7j,m,l'/\/"m,l,k,l
m=1,m#1i
=M} MP, =AL B =M,
= i,4,1,1 ikl — 0Pk = i,5,k,l
= M,.,.
According to Eq. (T9), we have
A W B ~ A ~ B ; 1
Mu,vMu,v = Mi,j,k,lMi,j,k,l = [Al] gl [B ]i7k = Mi1j7k’l = Mu,v~ (2D
Thus, Theorem|I]is proven. O

For matrices of the form given in Eq. (I8)), when performing multiplication operations, we have:

Theorem 2 (Efficient Matrix Multiplication). For matrices M“, M P defined in Eq. (18), v € REW,
the following equation holds:

y=M*"xMPxx & Z,=B'xX., Y.=AX%Z,, (22)
where y eRW | X =unvec(z) e R"W | Y =unvec(y) e RV, Z e RV,

Proof. The left part of Eq. can be calculated by z = M P x z and y = M x z. For clarity,
leti = |u/W|+1,j=umod W,k = |v/W|+1,l =vmod W.Foru=1: HW, we have

H W
B
E o X Ty = 5 E M1 Xk

v=1 k= 1l 1
H
S MO XY S MO .
k=1 k=11=1,1#j
H
= 7j k:,j ZB’L]CXk)J
k=1
=7

The final results in Eq. (23) is equivalent to Z. ; = B/ x X, ;. Then, foru = 1 : HW, we have

HW H W
- MA X 2y = ML Z
- u,v Zy = i,4,k, 14kl

k=1 z 1
_ZMZJ11Z1I+ Z ZMljklel (24)
k=1,k#i I=1
- Z ij%lziyl = Z A§'7lZi,l
=1 =1
=Y.
The final results in Eq. is equivalent to Y; . = A’x Z; .. Thus, Theoremis proven. O
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Theorem 3. For any matrices Q, K € RrR™” ,Le R™Y , Ve RNXC, the following equation holds:
Y=((QK")®L)V & K" =einsun('nd,nc — ndc’,K,V)

L5V = einsum (lmn, ndc — mdc’, L, ’CV) (25)

Y = einsum (’md, mdc — mc’, Q, £Kv) ,

Proof. 1) the left part of the Eq. (Z5) can be rewritten as:

D
S=QKT", where Sn=> QunaiKna,
d=1

= Z Lm,nsm,nVn,c = Z <Lm,n Z Qm,dKn,d> Vn,c
n=1 n=1 d=1
2) the right part of the Eq. (23) can be rewritten as:
’Cn d,c — n an cy
mdc ZLmn]C ZLmnKnanca
n=1
D D N
Ym,c = Z Q L,’m ,d,c — Z <Qm,d Z Lm,nKn,an,c>
d=1 =1 n=1 (27)

M= ﬁ“Me

N
§ m dLm,nKn,d‘/n,c

D
<Lm,n Z Qm7dKn7d> Vn,c-

d=1

n=1
Thus, Theoremis proven. Here, the computational complexity of the left part of Eq. (23] is O(NN?).
The computational complexity of the first and third lines in right part of Eq. is O(N). And the
computational complexity of the second line in right part of Eq. (23)) is O(/N*). Thus, if we can
reduce the complexity of computing £ from O(N?) to O(N), then the complexity of computing
Y = ((QK") ® L) V can be reduced to O(N). O

A.4 Preliminaries: Complexity Analysis of Mamba2 Attention Form

In this section, we present the efficient algorithm proposed in Mamba?2 [6] for its attention form,
achieving a computational complexity of O(N).

Mamba2’s Attention Form. Mamba2’s attention form (i.e., structured masked attention) given by
the SSD framework [6] is formulated as:

Qi X -+ X Qjy1 1>
Y = (CB" o L'P) X, LiP =a;;=11 i=j, (28)
0 1< ]
where X, Y € RV*C are the input and output sequences, respectively, B, C € RV*P are input-
dependent parameters learned by multilayer perceptron (MLP) layers. The 1D structured mask
L'P cRNN iga 1-semiseparable matrix [6]], and the scalar a; serves as a decay factor bounded in
the range [0, 1]. In Mamba2, parameters C and B in Eq. (28] correspond to the query @ and key
K in ViTs, respectively. Therefore, Eq. (28] reveals that the selective state transition function in
Mamba?2 i 1s equ1valent to the Hadamard product of a linear attention map C BT and a 1D structured
mask L'P

Naive Computation. As defined in Eq. @ the straightforward computation of structured
masked attention has a complexity of O(N In contrast, the complexity of linear attention

= (CBT)X = C(BT"X) can be reduced from O(N?) to O(N) by the associative prop-
erty of matrix multiplication. However, this approach is not directly applicable to Eq. (28) because of
the introduction of the Hadamard product.
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Lemma 1. Let L RN be a I-semiseparable matrix and X € RN*C be a matrix, the complexity
of computing Y = LX can be reduced from O(N?) to O(N) by using the chunkwise algorithm in
Mamba?2 [6)].

Efficient Computation. Based on Theorem 3] Eq. (28) can be computed as follows:
B = einsum ('nd,nc — ndc’, B, X)
£BX

= einsum (’mn, ndc — mdc’, L'P, BX) (29)
Y = einsum (’md, mdc — mc’, C, [ZBX) )

Note that L'? is a 1-semiseparable matrix, and the second line of Eq. (9) can be reformulated
as a matrix multiplication. Therefore, by applying Lemma |l} the complexity of computing LB
can be reduced from O(N?) to O(N). Moreover, the complexity of computing L'? is O(N).
Consequently, the overall computational complexity of Eq. (28) is O(N).

A.5 Complexity Analysis of Polyline Path Mask

In this section, we analyze the complexity of computing the polyline path mask L, as stated in
Corollary [T} with detailed explanation.

Corollary 1 (Mask Complexity). The complexity of directly computing polyline path mask L
via Eq.(16) and (T4) is O(N3), which can be reduced to O(N?) by applying Theorem |1} where
N=HxW.

Naive Computation. According to the definition in Eq. (T3)), the polyline path mask L € R#W>HW
is large in size, and each element requires numerous multiplications, resulting in high computational
cost. The most straightforward way to compute L is to calculate each element L,, , individually.
Hence, the total complexity of computing matrix L is N2 times the complexity of computing
each element L, ,. As defined in Eq. (I6) and Eq. (T14), Ly, = L;j ki = i j1Bi:k,, Where
i=|u/W|+1,j=umod Wandk = |v/W]|+1,] =vmod W. There are | — j| and |k — i
multiplication operations in «; ;,; and 8.1 1, respectively. Here, ¢, k range from 1 to H, and j, [ range
from 1 to W. Therefore, the complexity of L, , is O(N 3 ). Consequently, the overall complex of
directly computing L is O(N 3).

Efficient Computatlon. The polyline path mask L satisfies the conditions in Theorem [I] with
[A"); =y, ;. and [B N k=B j- Thus, based on Theorem |1} the polyline path mask L can be
decomposed as:

L=L"xLV=L"oL". (30)
For example, as illustrated in Fig. [I0](a), the polyline path mask L in Eq. (T6) can be decomposed as:

[araBr1 a112Bire a1sfas @Bz aefuee a11sfues aafusy an2Buse a1,1:381s3

B o12:281:1,2 @1,2:301:1,3 01,2:1P1:21 12:201:22 @1,2:301:2,3 o1,2:231:3,2
o1,3:281:1,2 @1,3:301:1,3 / a1,3:201:2,2 @1,3:301:2,3 o1,3:231:3,2
az,1:2082:1,2 @2,1:362:1,3 az,1; 252 2,2 @2,1:382:2,3 az,1:282:3,2
22:202:1,2 2,2:302:1,3 2:152: 2,2:302:2,3 2,2:232:3,2
1,1 02,3:202:1,2 13 Q2,31 P21 a2,3:302:2,3 az,3:282:3,2
a3 1:183:1,1 @3,1:203:1,2

3:1,3 OHLL 3:2,1 3:2,3 @3,1:23:3,2
a3,2:1083:1,1 @3,2:203:1,2 3:1,3 Q3,22 12 3:2,3 a3,2:283:3,2
Las,3:1083:1,1 @3,3:2B3:1,2 a3,3:383:1,3 a3 15; 2 1 Q3320322 ﬂ:s:‘z‘x as,3:283:3,2
rQi,1:1 Q12 01,1:3 0 0 0 0 0 0 7 [Pra 0 0 P21 0
Q121 Q122 O,2:3 0 0 0 0 0 0 0 Piaz O 0 1:2,2
@1,3:1 1,3:2 (1,3:3 0 0 0 0 0 0 0 0 ﬁlj 3 0 0
0 0 0 Q2,1:1 Q212 Q21:3 0 0 0 B2:1.1 0 0 fa2n 0
= 0 0 0 22:1 222 (2,2:3 0 0 0 x| 0 Paaiz O 0 P2z
0 0 0 Q2,3:1 (2,3:2 (2,3:3 0 0 0 0 0 p2as O 0
0 0 0 0 0 0 a3,1:1 (3,12 O3.1:3 B3i1,1 0 0 Bsi21 0
0 0 0 0 0 0 Q3.2:1 (3,2:2 (03,2:3 0 fBzi2 O 0 P2
L 0 0 0 0 0 0 331 azz2 azazsl |0 0 fB313 O 0’
1,1:1 01,12 Q1,13 Q111 Q112 00,1:3] [Brin Buie Bras Puzi Praoe

3
0121 G122 Qras Oraa on22 onzs| |Bui Briz Bris Buza fiop
i3l Quae 0133 aigl Qlse aias| |Brin Briz Bris Bz Prae
@2,1:1 21:2 (21:3 Q21:1 Oéz 1:2 (02,1:3 52:1,1 52:1.2 52:1,3 ﬂ2:2,1 52:2.2
a2 2:1 (02,2:2 13 (2,2:1 Oéz 2:3 O] 52:1,1 ﬂ2:1.2 52:1,3 ﬂ2:2,1 ﬁ2:2.2
@2 3:1 (02,3:2 Qa2.3:1 & 3 ﬂ2:2,1 ﬁ2:2.2
a3,1:1 (O3,1:2 3,1:1 3 B3:2,1 B3:2,2
3,2:2 a3,2:1 3 ﬂ';-Q 1 ﬁx:z?
Qa3,3:1 3 ﬂi 2,1 @3:2.2

Q3,3:1

20



5t
CEEEEEEEE O
CEEETE [ A
EEEEE ==
CEE el » [ = e x
EECEELEED [
EEEmE s -
CdeEeile O

EEEEEEE . pr v

Polyline Path Scanning

(a) Polyline Path Mask Decomposition

:“'_'_'_'*: X = F=- =X =
H i — — ¥ _: — — L
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(b) Polyline Path Mask Multiplication

Figure 10: (a) [llustration of the decomposition of the polyline path mask L. (b) Illustration of the
multiplication between the polyline path mask L and vector x. (Algorithmlzl) .

I Naive Computation
1201 I Efficient Computation (Time) 120
I Efficient Computation (Memory)

100% 100% 100% 100% 100% 100% 100% L 100

Relative time consuming (%)
Relative memory (%)

5%
1.4%

32x32 64x64 96x96 128x128 160x160 192x192 224x224
Feature map resolution (HxW)
Figure 11: The comparison of the relative time consuming and memory usage between the naive
computation and efficient computation (AlgorithmE[) of Lx.

Note that there are HxW/2 non-zero elements in L and each non-zero element o, j.; requires O(N 7
multiplication operations. Thus, the complexity of computing L and LY is O(N?). Similarly, the

complexity of computing LY and LV is also O(N?). Thus, the complexity of computing L can be
reduced to O(N?) by Eq. (30).

A.6 Complexity Analysis of Polyline Path Mask Multiplication

In this section, we analyze the complexity of computing the matrix multiplication between the polyline
path mask L and the vector , as stated in Corollary [2]and Algorithm [2] with detailed explanation.
Fig. [T] presents the comparison of speed and memory usage between the naive computation and
efficient computation of La. Compared to the naive computation approach, Algorithm 2]achieves
substantial speed-up and significantly reduced GPU memory consumption, especially when the shape
of L and x is large.
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Corollary 2 (Masked Attention Complexity). The computational complexity of the matrix multiplica-
tion between polyline path mask and vector x, i.e., y= Lz, can be reduced from O(N?) to O(N %)
by Algorithm@ and further reduced to O(N) by applying the chunkwise algorithm of Mamba? [6)]
to steps 3 and 5 in Algorithm 2]

Naive Computation. Typically, the polyline path mask L € R™" is a rank-N matrix. Thus, the
most direct approach to compute Lz requires a computational complexity of O(N?).

Efficient Computation. As mentioned above, the polyline path mask L can be decomposed as
L7 x LV, where L™ and LV satisfy the definition in Eq. (I8) with [A?]; ;= ;. and [B']; x=0i.x-
Thus, based on Theorem [2] we can design Algorithm [2] for computing the matrix multiplication
between polyline path mask L and the vector z. As shown in Algorithm [2| computing B! x X, ;
has a complexity of O(H?). Thus, the complexity of computing Z (i.e., step 3 in Algorithm is
O(H?*W). Similarly, the complexity of computing Y (i.e., step 5 in Algorithm[2) is O( HW?). Thus,
the computational complexity of Algorithmis O(N 3 ), where N = H x W.

As illustrated in Fig. (b),
the matrices A’ and B’ are
symmetric matrices, and their Input: decay factors a, 3 of the polyline path mask L, vector & e R7";
lower triangular parts are both  1: Compute X =unvec(a) e RV,

1-semiseparable matrices as de-  2: Compute B' € RF*¥  where for {=1:W, [B']; x=Pi:x.1;

fined in Mamba2 [6]. Therefore, 3: Compute Z € R™W  where Z.; = B' x X.;;

by applying Lemma [T| the com-  4: Compute A’ e RV*W, where for i =1: H, [A"]; ;=cv; j.1;

plexity of computing B' x X.;  5: Compute Y € R®W  where Y, = A’ x Z;..;

and can be reduced from O(H?) Output: y=vec(Y);

to O(H), and the complexity of
computing A’ x Z; . can be reduced from O(W?) to O(W). Consequently, the overall complexity
of computing Lz is O(N).

Algorithm 2: Efficient Masked Attention Computation.

AW

A.7 Applications of Polyline Path Masked Attention

The proposed polyline path mask can be seamlessly integrated into various attention variants in a
plug-and-play manner. As illustrated in Fig.[9] theorems and algorithm given in Sec.[A.5]and Sec.[A.6]
ensure that integrating the polyline path mask does not substantially increase the computational
complexity of the original attention mechanism. In this section, we introduce several Polyline Path
Masked Attention (PPMA), including Polyline Path Masked Vanilla Attention (PPMVA), Polyline
Path Masked Linear Attention (PPMLA), Polyline Path Masked Criss-Cross Attention (PPMCCA),
and Polyline Path Masked Decomposed Attention (PPMDA).

Basic Paradigm. The basic Polyline Path Masked Attention (PPMA) is implemented by performing
a Hadamard multiplication with the attention map. Specifically, given query @, key K, and value
V e RIWXC PPMA is formulated as:

PPMA (X) = (Attn(Q, K) © L*P) V

3 (32)
= (Attn(Q,K) ® L)V + (Attn(Q, K)o L) V.

1) Polyline Path Masked Vanilla Attention. According to Eq. (32), the polyline path masked vanilla
attention is formulated as:

PPMVA (X) = (softmax(QK ") ® L*P) V, (33)

Based on Corollary [1} the computation of L?P has a complexity of O(N?2). Thus, Eq. (33) maintains
the complexity of O(N?).

2) Polyline Path Masked Linear Attention. Similar to Mamba2’s attention form (Eq. (28)), the
polyline path masked linear attention is formulated as:

PPMLA (X) = (QK") 0 L*P) V = (QK )0 L)V + (QK ) o L) V. (34)
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Based on Theorem 3} we can compute ((QK ") ® L) V as follows:
KV = einsum (‘md, mc — mdc’, K, V)
L5V = einsum (’nm, mdc — mdc’, L, ICV) (35)

Y = einsum (’md, mdc — mc’, Q, £Kv) .

Eq. (33) shows that the computational complexity of Eq. (34) depends on computing E V' Based
on Corollary 2] and Algorithm 2] the computational complexity of the second line in Eq. (33)) can be
reduced from O(N?) to O(N). Thus, the computational complexity of Eq. (34) mamtalns O(N).

3) Polyline Path Masked Criss-Cross Attention. The original criss-cross attention [22] employs
sparse attention over tokens located in the same row or column, achieving a computational complexity

of O(N %) In this work, following RMT [10], we decompose criss-cross attention into vertical
attention over each column followed by horizontal attention over each row. The polyline path masked
criss-cross attention is formulated as:

PPMCCA (X) = ((SH xSV) 0 L??)V = ((SH x SV) 0 L)V +((sH xSV )0 L)V,

(36)
where horizontal and Vertical attention maps SH, SV e RIWXHW gatisfy the form in Eq. (T8)) with
A’ =softmax(Q;..K, . ) and B! = softmax(Q L ) and @, IC € RTXW>C are tensor forms

of Q, K, respectlvely [22] Based on Theorem |[I] we can ‘reformulate the left part of Eq. (36) as:
(8" x8V)oL)V=(S"=x8V)o (" xLV))V
= ((SH @SV) ® (EH @EV>) v
= ((8"ei")o(sVolY))v (37)
= (ST oL x (SYoLY)xV
=(SToL™) x ((SYoLY)xV).

Note that matrices S¥ © LH and SV © LV also satisfy the form (i.e. M“4and M?) in Eq. (T8).

Thus, the computational complexity of Eq. (37) can be reduced to O(N z) by Algorlthml Similar
conclusions can also be derived for the right part of Eq. (36). Thus, the overall computational

complexity of Eq.(36) maintains O(N 2).
4) Polyline Path Masked Decomposed Attention. For general decomposable attention which can
be decomposed as S = S; x Sy, where §; € RV*P and S, € RPN the polyline path masked
decomposed attention is formulated as:
PPDA (X) = ((S1 x S2) @ L?P) V = (S x S) O L) V + ((s1 X S5) ® i) V(398
According to Theorem 3| we can compute ((S; x S2) © L) V as follows:
8Y = = einsum (‘md, mc — mdc’ .Sy V)
£V = einsum (’mn mdc — mdc’, L, S ) (39)
Y = einsum ( md, mdc — mc’, Sy, [,SV) .

Based on Corollary [2]and Algorithm 2] the computational complexity of Eq. (39) can be reduced
from O(N?) to O(ND). Thus, the computational complexity of Eq. (38) is O(N D).

B Experimental Details

B.1 Architecture Details

As illustrated in Fig.[5] our backbone adopts the same four-stage hierarchical architecture as RMT [10],
where the first three stages employ Polyline Path Masked Criss-Cross Attention and the final stage
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employs the Polyline Path Masked Vanilla Attention. Moreover, we develop our model in three scales:
tiny (PPMA-T), small (PPMA-S), and base (PPMA-B).

The detailed configurations of PPMA variants are provided in Tab.[5] Following RMT [10]], the stem
layer consists of five 3 x 3 convolution layers followed by GELU and batch normalization to embed
the input image into 56 x 56 tokens. The downsampling layer consists of 3 x 3 convolution layers
with stride 2 to reduce the feature map’s resolution. Moreover, we follow RMT [10] and incorporate
RoPE [38], CPE [3]], and LCE [57] into the PPMA blocks. All other configurations also follow
RMT [10]. Code is available at https://github. com/zhongchenzhao/PPMA.

B.2 Training Settings for ImageNet-1K

To ensure reproducibility and consistency with prior work, we follow the training strategy of RMT [[10]
and DeiT [44]. Specifically, we employ various data augmentation techniques, including RandAug-
ment [S], Mixup [52] (prob=0.8), CutMix [50] (prob=1.0), Random Erasing [S5]] (prob=0.25). For
model optimization, we use the AdamW optimizer with a cosine decay learning rate scheduler and
train our model 300 epochs from scratch. The initial learning rate, weight decay, and batch size are set
to 0.001, 0.05, and 1024, respectively. The drop path rates for PPMA-T, PPMA-S, and PPMA-B are
setto 0.1, 0.15, and 0.4, respectively. We also adopt training techniques from RMT [10], including
Label Smoothing (0.1) [41] and Exponential Moving Average (EMA) [33].

B.3 Training Settings for Downstream Tasks

For experiments on the ADE20K [56] and MSCOCOQO2017 [28] datasets, we follow the training
settings of TransNeXT [35], and utilize the MMDetection [2]] and MMSegmentation [4] libraries
for training. Specifically, in the MMDetection [2] library, we adopt Mask R-CNN [[18] as the basic
framework and use the AdamW optimizer with an initial learning rate of 0.0001 and a weight decay
of 0.01. The model is trained for 12 epochs with a batch size of 16 using the standard 1x schedule. In
the MMSegmentation [4] library, we adopt UPerNet [48]] as the basic framework and use the AdamW
optimizer with the initial learning rate of 6 x 10~ and the weight decay of 0.01. All models are
trained for 160K iterations with a batch size of 16 on the ADE20K dataset. The input size of images
issetto 512 x 512.

B.4 Throughput Comparison

To evaluate the inference speed of our model, we measure the throughput of PPMA-T/S/B on an A800
GPU with a batch size of 64 and the image resolution of 224 x 224. As shown in Table[6] the inference
throughput of PPMA-T/S/B decrease by 37%/30%/21% compared to RMT-T/S/B, respectively. This
is mainly caused by the additional GPU kernel launches and memory transactions required to compute
the polyline path mask. As shown in Table [} the CUDA implementation of TransNeXt achieves
a significant speedup over the PyTorch implementation. In our implementation, the polyline path
mask is currently computed using PyTorch. Similar to TransNeXt, our implementation can also be
optimized through engineering efforts, such as using CUDA or Triton-based implementations, to
accelerate inference speed.

B.5 Visualization

The visualizations of the polyline path masked attention map are shown in Fig.[I2] Input images are
taken from the ImageNet-1K validation set, and the query token is marked by a red box on each input

Model ‘ Blocks Channels Heads Ratios ‘#Param. FLOPs

M) (©)
PPMA-T | [2,2,8,2] [64,128,256,512] [4,4,8,16] [3,3,3,3] 14 2.7
PPMA-S | [3,4,18,4] [64,128,256,512] [4,4,8,16] [4,4,3,3] 27 4.9
PPMA-B | [4,8,25,8] [80, 160, 320,512] [5,5,10,16] [4,4,3,3] 54 10.6

Table 5: Detailed Architectures of the Polyline Path Masked Attention based Vision Transformer.
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Table 6: Comparison of inference speed across different models on ImageNet-1K. Throughput is
measured on an A800 GPU with a batch size of 64.

Model | #Param. (M) FLOPs (G) Throughput (imgs/s) | Top-1 (%)
BiFormer-T [57]] 13 2.2 1602 81.4
SMT-T [29]] 12 2.4 636 82.2
RMT-T [10] 14 2.5 1650 82.4
TransNeXt-M (PyTorch) [35]] 13 2.7 742 82.5
TransNeXt-M (CUDA) [35] 13 2.7 1299 82.5
PPMA-T 14 2.7 1034 82.6
CMT-S [14] 25 4.0 848 83.5
MaxViT-T [43] 31 5.6 826 83.6
SMT-S [29] 20 4.8 356 83.7
BiFormer-S [57]] 26 4.5 766 83.8
RMT-S [10] 27 4.5 876 84.0
TransNeXt-T (PyTorch) [35] 28 5.7 508 84.0
TransNeXt-T (CUDA) [33]] 28 5.7 947 84.0
PPMA-S 27 4.9 612 84.2
SMT-B [29] 32 7.7 237 84.3
BiFormer-B [57]] 57 9.8 498 84.3
CMT-B [14]] 46 9.3 447 84.5
TransNeXt-T (PyTorch) [35] 50 10.3 266 84.7
TransNeXt-T (CUDA) [33]] 50 10.3 436 84.7
RMT-B [10] 54 9.7 457 84.9
PPMA-B 54 10.6 362 85.0

image. The decay factors and attention maps are generated by the second block of the first stage in
the PPMA-T model trained on the ImageNet-1K training set.

Input-dependent Decay Factor. As shown in Fig.[I2](b) and (c), the decay factors « and 3 learned
by the network can roughly capture the edge information of objects in the feature map: decay factors
at edges tend to be smaller (approaching zero), whereas those in homogeneous regions tend to be
larger (approaching one). Moreover, the supervised training encourages the decay factors a and 3 to
focus on horizontal and vertical edge information, respectively.

Polyline Path Mask. As shown in Fig.|12](e), the polyline path mask, generated by the cumulative
multiplication of decay factors, effectively captures the semantic continuity in the feature space. It
maintains continuity in homogeneous regions sharing the same semantics and shows discontinuity at
the edges between regions of different semantics.

Polyline Path Masked Attention Map. Fig.|12|(d) shows that attention maps from shallow layers in
typical ViT models often struggle to focus on tokens relevant to the query token. In contrast, Fig.[12]
(f) demonstrates that integrating the polyline path mask L2” successfully suppresses interference
from distant and irrelevant tokens, resulting in more semantically accurate masked attention maps.

C Discussion

C.1 Selectivity of Polyline Path Mask

Compared to previous state-space models (SSMs) such as RetNet [40], the primary contribution of
Mamba [[11] and Mamba?2 [|6] is the introduction of a selective mechanism into the structured mask,
which leads to significant performance improvements. However, current studies still lack a deep
understanding of this crucial selectivity mechanism.

In this work, we argue that the selective mechanism in Mamba explicitly models the semantic
continuity in sequences, which corresponds to the local smoothness prior in images. Building on
this insight, we adopt the selective structured mask of Mamba2 and naturally generalize it into a 2D
polyline path mask for Vision Transformers (ViTs).

Semantic Continuity in Sequence. Similar to self-attention maps in ViTs, the structured mask
L e RNV*N can also be viewed as a weighting matrix that maps input tokens X € RN to output
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Figure 12: Visualizations of the decay factors and the polyline path masked attention maps of the
well-trained PPMA model. In each input image, the query token is marked by a red box.
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tokens Y € RV along the sequence length dimension. In this weighting matrix L, a larger decay
weight L; ; indicates a greater influence of the input token X; on the output token Y7, and vice
versa. In Mamba2, L; ; is computed as the cumulative multiplication of decay factors a;; ; to achieve
linear complexity. As a result, if any factor is close to zero, L; ; approaches zero; conversely, L; ;
approaches one only when all decay factors are close to one.

For most semantic-related tasks, an ideal structured mask should model semantic continuity in the
sequence: it should maintain continuous between connected tokens with the same semantic, while
breaking between tokens with different semantics. This enables the aggregation and separation
of tokens according to their semantics. Accordingly, decay factors should ideally be larger in
homogeneous regions and smaller at heterogeneous regions. As illustrated in Fig. [12|(b) and (c), the
decay factors learned through supervised training align well with this assumption.

Local Smoothness Prior in Images. In natural images, spatially adjacent patches are more likely to
belong to the same object and share similar semantics. This local smoothness prior plays a crucial
role in natural image processing tasks, especially those requiring fine-grained feature extraction. The
selectivity of polyline path mask aligns naturally with this prior by modeling semantic continuity
within homogeneous regions and allowing discontinuities at object edges. Experimental results also
show that integrating the polyline path mask yields significant performance improvements on the
ADE20K semantic segmentation task.

C.2 3D Extension of Polyline Path Mask

Based on the decomposability, we naturally extend the 2D poly-
line path mask to 3D applications. As illustrated in Fig. the
3D polyline path mask L3” can be decomposed as the multipli-
cation of three 1D structured masks, L x LY x L?, representing
the horizontal, vertical, and depth scanning masks, respectively.
Specifically, for each token pair (x; j i, €i,m,») in the 3D grid,
the 3D polyline path mask is defined as: >

K
| AR 9
e,
1,54

Horizontal

Figure 13: Illustration of the 3D
extension of polyline path mask.

ﬁl,Z,l
~

3D
L”(i,j,k),(lnn,n) = ai,j,k:nﬂi,j:m,n'}/i:l,m,n7 (40)

Vertical

where £3P is the tensor form of matrix L3” , a, (3, and ~y are
the decay factors along the horizontal, vertical, and depth axes,
respectively. Compared to the cross-scanning strategy [30l], the
3D polyline path scanning strategy better preserves the adjacency
relationships of 3D tokens.

C.3 Limitations

In this work, we introduce a learnable, input-dependent polyline path mask as the explicit positional
encoding for ViTs, replacing the fixed decay mask in RMT [10]. Experiments on high-level tasks
demonstrate the superiority of our method, particularly in fine-grained segmentation benchmarks,
where PPMA-T/S/B outperform RMT-T/S/B by 0.7%/1.3%/0.3% SS mloU on ADE20K, respectively.

Notably, our carefully designed polyline path mask L?? is decomposable as described in Eq. (30),
enabling efficient computation via algorithms 2] to optimize the computational complexity. However,
despite these optimizations, the large size of the mask L still inevitably incurs extra GPU memory
occupation and slower inference speed compared to RMT [10]. As shown in Table[6] the inference
throughput of PPMA-T/S/B decrease by 37%/30%/21% in comparison with RMT-T/S/B, respectively.
This limitation can be mitigated through engineering optimizations, such as CUDA or Triton-based
implementations, which we plan to investigate in the future work.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The abstract and introduction accurately describe the proposed method (Poly-
line Path Masked Attention), theoretical contributions (Efficient Computation Theory), and
experimental results (experiments on image classification, object detection and segmentation
tasks), which align with the content presented in the paper (Sections 4 and 5).

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: The limitations are discussed in the Appendix, where the authors acknowledge
constraints such as the proposed model has lower throughput than some existing models
with similar FLOPs.

Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

 The authors are encouraged to create a separate "Limitations" section in their paper.

The paper should point out any strong assumptions and how robust the results are to

violations of these assumptions (e.g., independence assumptions, noiseless settings,

model well-specification, asymptotic approximations only holding locally). The authors

should reflect on how these assumptions might be violated in practice and what the

implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory assumptions and proofs
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Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]

Justification: All theoretical results in the paper are accompanied by a complete set of clearly
stated assumptions and formal proofs. While the full detailed proofs are presented in the
Appendix for readability, the main paper includes a simple version to aid understanding.

Guidelines:

» The answer NA means that the paper does not include theoretical results.

 All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: Yes. The paper provides sufficient details to ensure the reproducibility of
its main experimental results. The overall architecture is clearly described in Section 4.
Furthermore, Section 5 outlines the experimental settings in detail. These descriptions are
sufficient for the reproduction to verify the main claims of the paper.

Guidelines:

* The answer NA means that the paper does not include experiments.

* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-
sions to provide some reasonable avenue for reproducibility, which may depend on the
nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).
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(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [Yes]
Justification: We provide a GitHub repository in the abstract in the anonymised version.
Guidelines:

* The answer NA means that paper does not include experiments requiring code.

¢ Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: All the training and test details are presented in Section 5.1, 5.2 and 5.3.
Guidelines:

» The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.

7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]

Justification: The experiment for this task is time-consuming. Referring to previous work,
there is no such experimental data.

Guidelines:

* The answer NA means that the paper does not include experiments.
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8.

10.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

* It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.

Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: The computational cost have been presented in the Appendix for readability
Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute

than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines]?

Answer: [Yes]

Justification: We have carefully reviewed the NeurIPS Code of Ethics and confirm that our
research fully adheres to its principles.

Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer:
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Justification: This paper presents work whose goal is to advance the field of Deep Learn-
ing and Computer Vision. None of the potential societal consequences we feel must be
specifically highlighted here.

Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

» The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards
Question: Does the paper describe safeguards that have been put in place for responsible

release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]

Justification: Our work does not involve pretrained models, generative tools, or scraped
datasets that carry a high risk of misuse.

Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

* Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]

Justification: We have properly credited all existing assets used in our work, including
publicly available datasets and code repositories.

Guidelines:

* The answer NA means that the paper does not use existing assets.
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* The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.
New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [Yes]

Justification: The primary new asset is the source code for the proposed methods, which is
open source. Documentation is assumed to be provided alongside the code in its repository.

Guidelines:

* The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.
Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: Our paper does not involve crowdsourcing nor research with human subjects.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional review board (IRB) approvals or equivalent for research with human
subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]

Justification: Our paper does not involve crowdsourcing nor research with human subjects.
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Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.

16. Declaration of LLM usage
Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used

only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]

Justification: The core method development in this research does not involve LLMs as any
important, original, or non-standard components.

Guidelines:

* The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

¢ Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.
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